We analyze the gain-switching dynamics of two-section tapered lasers by means of a simplied three-rate--equation model. The goal is to improve the understanding of the underlying physics and to optimize the device geometry to achieve high power short duration optical pulses.
High power short optical pulses directly generated by semiconductor lasers are of high interest for dierent applications. The pulses are usually generated by gain switching, mode-locking, or Q-switching. Tapered lasers with separate injection of the ridge waveguide (RW) and tapered sections have demonstrated very high cw power levels [1] and are promising devices for short pulse generation because of the possibility of driving their dynamics by a low current injection in the RW section. In particular, the generation of high power short optical pulses at 1060 nm by Q-and gain-switching has been demonstrated in these devices [2, 3] . 13 W peak power and 100 ps duration pulses have been reported in master--oscillator power-ampliers being excited as if they were distributed Bragg reector (DBR) tapered lasers [4] .
We have proposed recently a simple rate equation (RE) model to study the dynamics of two-section tapered lasers [3] . In spite of the simplicity of the model, we have found that it provides good qualitative agreement with the experiments and that it enlightens the complex dynamic interaction between carriers and photons in such devices. In this work we apply the model to the analysis of gain-switching in two-section tapered lasers with dierent geometries.
Model
The main idea of this model is to substitute the tapered section by a rectangular section with the same area and length (see the inset in Fig. 1a) , assuming carrier and photon uniformity within each section along the lateral and longitudinal directions. The RE can then be expressed as [3] : where the subscript i refers to the RW section (i = 1) and tapered section (i = 2), respectively, R(n) is the recombination rate, which takes into account non-radiative, bimolecular, and Auger recombination, S 0 is the average photon density along the complete device and other symbols have their usual meanings (see Ref. [3] ). The material gain g(n) is modeled using a modied logarithmic function [5] and a standard gain compression term and reads
where ε is the non-linear gain coecient, u is the frequency shift, and n tr is the transparency density. The coecients a i account for the dierence in the photon densities of the two sections. Assuming continuity of the photon number at the interface between the two sections, they are given by
tot , where A tot is the overall area of the tapered laser, so the ratio between the photon densities in the RW and tapered sections is then a 1 /a 2 = w 2 /w 1 . Auger coecient C [m
The model has been applied to 980 nm two-section tapered lasers with geometry and material parameters similar to those reported in Ref. [6] . In order to understand qualitatively the inuence of the geometry in the gain-switching process, we will compare in the following the results for xed values of w 1 = 3 µm and L 1 = 1.35 mm, and dierent values of w 2 (3 µm, 30 µm and 150 µm), which is equivalent to modify the taper an-(888) gle, and L 2 (L 2 /L 1 equal to 1, 2, and 3). The parameters used in simulation can be found in [6] and Table I .
Results
The power-tapered section current (P −I 2 ) characteristics at constant RW current (I 1 ) were obtained by solving the rate equations for a time window long enough to achieve steady state. As an example, they are shown in Fig. 1a for w 2 = 30 µm and L 2 /L 1 = 2. The tapered section current required to achieve threshold when I 1 = 0, dened as I 2th (0), is around 1.7 A, much higher than the value required when the RW is injected, I 2th ≈ 0.3 A. This is a consequence of the high losses of the non--injected RW section. At threshold, the optical power jumps abruptly to a value similar to that of the cases when I 1 = 0, due to the bleaching of the RW section. This behavior is typical of two-section lasers and produces a bistable P −I 2 characteristic [7] . The values of I 2th (0) for other geometries are shown in Table II . As expected, I 2th (0) increases with w 2 , due to the larger area, and decreases when L 2 /L 1 increases due to the reduction of the relative contribution of the RW section to the gain. An example of the gain-switching dynamics is shown in Fig. 1b . The tapered section is driven in cw at a current lower than I 2th (0) and at t = 0, I 1 is switched on from 0 to 50 mA. As a result of it, the carrier density in the RW section n 1 builds up until the threshold condition is reached. Then a high power short pulse (≈ 7 W and ≈ 70 ps) is emitted, the carrier density in the tapered section n 2 decreases, and after some relaxation oscillations the steady-state is reached again. We analyze now the dependence of the peak power P peak and pulse FWHM ∆τ on the driving conditions and device geometry. Figure 2 shows P peak and ∆τ as a function of I 2 for devices with L 2 /L 1 = 2 and dierent values of w 2 . For I 2 < I 2th (0), the laser is initially in the o state, and P peak increases and ∆τ decreases when I 2 increases. For I 2 > I 2th (0), the laser is initially on and there is no gain-switching but a simple direct modulation. A similar behavior was experimentally observed in [3] . The simulations predict pulses as short as ≈ 50 ps when driving the tapered section at a current close but lower than I 2th (0) in the narrowest laser, and slightly longer pulses for broader lasers.
The pulse parameters obtained in devices with dierent L 2 /L 1 ratio are shown in Fig. 3 . The same trends of P peak and ∆τ as a function of I 2 can be observed. The maximum power and minimum pulse width were obtained for L 2 /L 1 = 2 within a reasonable current range, as for L 2 /L 1 = 1, I 2th (0) is extremely high for practical applications (see Table II ). It is important to remark that by optimizing the driving conditions and geometry, for instance in point M in Fig. 3 , it is possible to obtain peak power 20 times higher than the corresponding steady state output power, with pulse duration in the tens of ps range, and that this can be achieved by switching on a relatively small current. It is worth to mention that in similar devices the experimentally obtained peak power was 812 times higher than the corresponding steady state values [3] . 
Summary
The results of the rate equation model provide a qualitative understanding of the gain-switching dynamics of two-section tapered lasers and indicate that the peak power and pulse width can be optimized by adjusting the driving conditions and geometrical design. Although the simplicity of the model does not allow quantitative predictions, it is clear that these devices are a promising approach to produce high peak power short optical pulses.
